The potential of microfibrillated cellulose (MFC) films as oxygen barrier has been investigated in several studies before. However, no study clearly shows the minimum degree of fibrillation, which is required to reach this barrier property. In the case where a range of different fibrillation grades of the same material has been evaluated, it was seen that increased fibrillation brought no significant observed changes in oxygen barrier properties.
MFC can be produced from various wood or non-wood sources Lavoine et al. 2012; Li et al. 2015) using several production technologies. However, there are three mechanical treatment processes that are most commonly used for the production of MFC: a microfluidizer, an homogenizer or a grinder (Lavoine et al. 2012) . The starting material is almost always a pulp suspension, but in contrast to the grinder, the microfluidizer and the homogenizer require an already fine raw material to avoid clogging of the machinery (Spence et al. 2011; Li et al. 2012; Ankerfors 2012) .
The dimensions of MFC particles highly depend on the method of preparation as well as on any potential pretreatments that might be applied. Moreover, the number of passes through the equipment correlates with the degree of fibrillation (Saarinen et al. 2009 ). MFC particles, obtained by a grinder, for example, are described as 20-50 nm in width and more than 1 µm in length (Iwamoto et al. 2007 ). By using a microfluidizer, particles with 5-10 nm in width and a length of up to several micrometres can be obtained (Aulin et al. 2010 ). In the case of a TEMPO-oxidation pre-treatment, it is even possible to achieve particles with 3-4 nm in width and at least a few micrometres in length (Isogai et al. 2011 ). This size is already in the range of an elementary fibril, the smallest element of a cellulose fibre and the sub-element of a microfibril (Klemm et al. 2005) . CNC is constituted from only the crystalline parts of a cellulose microfibril (Moon et al. 2011 ) and therefore even smaller than the previously described particles. They can have a width of 3-5 nm and a length of 50-500 nm (Moon et al. 2011) or 5-10 nm width and 50-200 nm length (Isogai et al. 2011 ). According to Lavoine et al. (2012) , the width is well defined, but the length of MFC particles is generally estimated only, because it is either too long or too convoluted to be observed entirely satisfactorily in a scanning electron microscope (SEM) picture.
From the wide range of dimensions and the generally heterogeneous mixture (Kangas et al. 2014) , one can assume that the characterisation of MFC must be challenging. In fact, there are publications Lavoine et al. 2012; Kangas et al. 2014 ) dealing specifically with this difficulty. The result highlights the need always to apply a variety of characterisation methods in order to classify the material.
Various applications of nanocellulose are under investigation including addition as paper fillers (Eriksen et al. 2008) , reinforcement in polymer composites (Siqueira et al. 2010; Oksman et al. 2016) , coatings for paper and board (Syverud, Stenius 2009; Aulin et al. 2010; Ridgway, Gane 2012; Lavoine et al. 2014) or free-standing films Vartiainen et al. 2013) . However, the focus of this work is on the application of MFC as oxygen barrier material, which has already shown high potential on the lab scale (Syverud, Stenius 2009; Aulin et al. 2010; Rodionova et al. 2011; Aulin et al. 2013; Kumar et al. 2014; Honorato et al. 2015) .
It is a generally accepted theory that a high crystallinity favours the barrier properties (Lagaron et al. 2004; Syverud, Stenius 2009; Li et al. 2015) . However, little information is available in the literature on how fine nanocellulose needs to be in order to achieve a certain oxygen barrier with a film made of this material.
Some studies investigated amongst other topics the oxygen barrier of nanocelluloses that have been exposed to several cycles of mechanical treatment. Films of four different fibrillation grades using a high-shear homogenizer, for example, did not show any significant variation in oxygen diffusive permeability (Siró et al. 2011) . Also solvent cast films from five fibrillation grades using a microfluidizer Microfluidics Corp.) showed similar oxygen transmission rates (Aulin et al. 2010) . In both studies softwood sulphite dissolving pulp and a carboxymethylation pre-treatment prior to the mechanical treatment was used. However, such a pretreatment is intended to reduce the need for excessive mechanical fibrillation in order to produce MFC, so that only a few cycles are necessary. The degree of fibrillation was obviously already high enough for the optimal oxygen barrier.
This leads to the fundamental research question addressed in this study: what is the minimum degree of fibrillation required for a sufficiently impermeable oxygen barrier made from an MFC film?
In order to answer this question, a series of MFC grades with incremental increases in the degree of fibrillation was produced without any pre-treatment, and the different degrees of fibrillation were validated using appropriate characterisation methods. The oxygen barrier performance was evaluated using films that were produced according to established procedures. Furthermore, the oxygen barrier of selected reference materials was evaluated.
Materials and Methods
The first part of this section describes the nanocelluloses that were used in this study, including the production of a series of MFC grades with different degrees of fibrillation. Furthermore, the preparation of the nanocellulose films as well as the reference oxygen barrier films are also specified in this first section.
The second part introduces the methods that were used to characterise the nanocelluloses as well as the prepared films. Since there is no single characterisation method for highly fibrillated celluloses (Kangas et al. 2014 ), a set of several methods was applied to characterise the obtained materials.
Nanocellulose and reference films

MFC preparation
The MFC for this fibrillation study was prepared by a grinding process using a Supermasscolloider Type MKCA6-2 (Masuko Sangyo Co., Ltd., Japan). Bleached eucalyptus sulphate pulp served as raw material and was used as delivered, i.e. without any pre-treatments, since the grinder does not require a reduced fibre length. The preparation process was similar to the one recently described by Schenker et al. (2015) .
In accordance with earlier studies using a Supermasscolloider (Spence et al. 2011; Eriksen et al. 2008) , the consistency of the suspension was adjusted to 3% at the beginning of the grinding process in order to intensify the fibre-fibre friction (Spence et al. 2011) . However, in contrast to the two studies mentioned above, the grinding was not performed at a constant rotor speed of 1 500 min -1
. Instead, the sequence of Schenker et al. (2015) was used, starting at 2 500 min -1 for the first five passes, followed by two passes at 2 000 min -1 and constantly decreasing the speed every third pass (compare Table 1 ). Furthermore, 2% carboxymethyl cellulose (CMC) with a degree of substitution (DS) of 0.7 was added to the process in order to disperse and stabilise the obtained fibrils (Schenker et al. 2015) .
The distance between the grinding disks was adjusted to -50 µm to treat the grinding disks with care and to minimise abrasion. Samples were taken beginning with the 8 th pass through the grinder until the energy consumption for one pass dropped at the 15 th pass (compare Table 1 ). Another batch of MFC (Omya trial product) was produced prior to the fibrillation series in the context of a preliminary study. For this MFC, the same production process was used, but without taking intermediate samples, meaning that the sample is comparable to MFC8.
Other nanocelluloses used in this study
In order to compare the MFC produced in this study to other nanocelluloses, two different materials were used in addition. KY100G as an MFC without a chemical pre-treatment was supplied by the Japanese Daicel Corporation (Daicel FineChem Ltd.). The KY100G has also been used in several other studies (Kangas et al. 2014; Varanasi, Batchelor 2013; Torvinen et al. 2012) . However, in contrast to the MFC described in the previous section, the KY100G is produced by repeated microfluidization treatment (Ono et al. 2015) . For this study, the KY100G with a solids content of 10% was diluted to a mass fraction of 0.01 and stirred using a Waring Laboratory Blender 7010 (Waring Laboratory Science, Torrington, Connecticut), equipped with a milkshake rotor for 2 min at 22 000 min -1 . Furthermore, a TEMPO-oxidised nanofibrillated cellulose (NFC) was supplied by the Institute of Wood and Plant Chemistry at the Technical University of Dresden. 
Preparation of the nanocellulose films
Films of the available nanocellulose materials were cast using a solvent casting method as described in previous publications (Ankerfors 2012; Minelli et al. 2010) . The MFC suspensions were diluted to a mass fraction of 0.01, and 59.83 g were poured into a polystyrene Petri dish with an inner diameter of 138 mm. The cast films were dried using a climate cabinet (Vötsch VC0018; Vötsch Industrietechnik GmbH, Germany) at 45°C and 50% RH for 18 h. In the case of the TEMPO-oxidised NFC, as well as the KY100G, the Petri dishes had to be modified using a PET film in order to detach the films successfully after drying.
All films were stored at 23°C and 50% RH for at least 48 h before further measurements.
Reference barrier films
In order to compare the produced nanocelluose and MFC films to commercially available oxygen barrier materials, several samples were used as reference materials.
Cellophane films as well as films from biaxial oriented polyethylene terephthalate (BOPET) were supplied by Pütz Folien (Pütz GmbH + Co. Folien KG, Germany). The cellophane films with the commercial name NatureFlex ™ NP have a thickness of 23 µm. The supplied BOPET films (Hostaphan ® RN) have a thickness of 25 µm, 50 µm and 100 µm, respectively.
Exceval AQ4104 granulate, an ethylene vinyl alcohol (EVOH), was supplied by Kuraray (Kuraray Europe GmbH). A 13.35% solution was obtained by dissolving the granulate material in water at 90°C until no solid matter remained. The solution was coated on a PET film support using a bench coater and a rod generating a 50 µm metered wet film deposit.
Characterisation methods
Morphological characterisation of MFC using a fibre image analyser An FS5 fibre image analyser (Valmet Automation Oy, Finland) was used for the characterisation of the produced MFC particles, especially regarding the residual fibre fragments. According to the manual (Nygårds 2013) , the device uses a high definition camera to analyse various fibre properties on the basis of greyscale images. The fibre properties that are of importance in the context of this study are the fibre dimensions and especially the fraction of fibre fines. The measurement range of the device covers a particle length of 0.01 mm to 7.6 mm and a width of < 1 µm to 1 000 µm, whereas the fibre length is measured along the fibre centreline in order to measure accurately also any curled and kinked fibres. By default, the software classifies the data of the measured particles into different fractions and provides a percentage for each fraction. The parameters for the different fractions are shown in detail in the following Table 2 .
According to the manual (Nygårds 2013) , all particles with a width of 10 µm or more are declared as fibres and assigned to one of six fractions. The output of the software is then a percentage of the length-weighted distribution for each fraction.
Additionally to the six fibre fractions, all detected particles with a width of less than 10 µm are declared as fines. The software further divides them into two subcategories: Fines A include particles shorter than 0.2 mm, whereas Fines B include particles with a length over 0.2 mm. The output of the software is then a percentage of the projected area, as viewed normal to the detector plane, of the measured particles. Since all samples can be prepared from wet MFC, the usually required steps of soaking and disintegration (ISO 5263) were skipped. Due to the automatic consistency control of the FS5, an adequate amount of MFC is taken into the sample cup, filled up with tap water and placed on the sample carousel. The choice of tap water maintains the same suspension environment as encountered during processing.
Alternative morphological characterisation
In order to use an alternative and complementary method for the morphological characterisation of MFC, a combination of an L&W Fiber Tester (Lorentzen & Wettre, Sweden) and direct microscopic analysis with subsequent image processing was used as described by Mayr et al. (2015) .
For the microscopic analysis, the MFC was stained using methylene blue and then transferred to a glass slide. Between 700 and 800 images were taken for each specimen using a standard CCD camera that was attached to the light microscope. The images were then processed by image analysis software using grey level differences in order to classify the specimen into fibrillar and flake like material. This software as well as the tool for calculating the particle dimensions were implemented in MATLAB.
Rheological characterisation
MFC is described to have a gel-like appearance already at low concentration in water (Herrick et al. 1983; Lowys et al. 2001; Pääkkö et al. 2007 ). Lowys et al. (2001) identified this gel-like behaviour to appear above a critical concentration of 3 g dm -3 for a commercial sugar beet pulp based MFC.
Several studies show the shear thinning characteristic of MFC suspensions for shear rates up to 1000 s -1 (Herrick et al. 1983; Pääkkö et al. 2007; Iotti et al. 2011; Nazari et al. 2013; Kangas et al. 2014) . However, for shear rates between 180 000 and 330 000 s -1 , a dilatant behaviour can be observed for a 1% MFC suspension (Iotti et al. 2011 ). On the basis of the rheological study by Iotti et al. (2011) , the rheological characterisation of the MFC was performed using a Physica MCR 300 rotational rheometer (Anton Paar GmbH, Graz, Austria) with a Peltier cooling device and an air-lubricated bearing. A parallel-plate geometry consisting of a TEK 150P-C and a PP 50 (upper plate diameter of 50 mm) was used as a measuring system following earlier studies (Pääkkö et al. 2007; Saarinen et al. 2009; Iotti et al. 2011; Dimic-Misic et al. 2013a; Dimic-Misic et al. 2013b) . At this point, it has to be mentioned that the parallel-plate geometry causes a shear gradient, which can lead to shear-banding, especially for pasty materials (Ovarlez et al. 2009 ). Furthermore, the formation of a boundary water layer can lead to wall slip and therefore cause lower viscosity readings. One way to overcome possible wall slip is to use a parallelplate measuring system with a roughened (Iotti et al. 2011) or serrated (Dimic-Misic, et al. 2013b) surface. Instead, the shear rates used in this study were sufficiently high and rapidly applied in order to minimise the risk for wall slip. All measurements were performed at a mass fraction of 0.015 and a temperature of 25°C with a gap of 1 mm. The chosen shear rates were between 1 and 3 000 s -1 and the shear rate was increased during the measurement using a logarithmic shear rate ramp starting from 1 s -1 with 30 measuring points and a variable measuring point duration (logarithmic) from 10 s to 2 s in order to account for the longer time to obtain an homogeneous shear field at lower shear rates.
X-ray diffraction
The degree of crystallinity is considered to be an important structural property of a cellulosic material (Kangas et al. 2014; Klemm et al. 2005) . Especially in the context of barrier materials, a high crystallinity is assumed to be beneficial since crystalline regions are impermeable to gases (Lagaron et al. 2004; Li et al. 2015) .
X-ray diffraction has been used in this study, since it is the most common of the several methods that can be used to determine the crystallinity of cellulose (Park et al. 2010; Kangas et al. 2014) . A Bruker D8 Advance (Bruker Corporation, USA) diffractometer is used to analyse the samples. The radiation source is a Cu K α emitting 2.2 kW X-ray tube. The device further consists of a ϑ-ϑ goniometer and a VÅNTEC-1 detector. All scans are performed at a speed of 0.7° per minute. The preferred analysis method in this would have been a quantitative Rietveld approach. However, for this method it is essential to incorporate a known amount of a crystalline standard into the sample. Unfortunately, it was not possible to obtain the necessary homogeneous mixture of the standard and the MFC. Therefore, the peak to background ratio was determined instead using the Bruker DIFFRAC.EVA software V3.
Determination of the oxygen permeability
The oxygen transmission rate (OTR) of the cast films was measured using an OX-TRAN Model 2/22H (Mocon GmbH, Neuwied, Germany). From the variety of available test methods, the ASTM D3985-05 test standard was selected to ensure the compatibility with other publications, since this standard test method is most commonly used in publications regarding nanocellulose and oxygen barrier measurements (Syverud, Stenius 2009; Fukuzumi et al. 2009; Aulin et al. 2010; Rodionova et al. 2011; Saxena et al. 2011; Aulin et al. 2013; Kumar et al. 2014; Honorato et al. 2015) . The tests were performed at 23°C and 0% RH at a partial oxygen pressure of 172 kPa using a sample area of 50 cm². Samples displaying a poor oxygen barrier were tested at a sample area of 5 cm² using an aluminium mask supplied by Mocon.
Additionally to ASTM D3985-05, each specimen was measured using nitrogen as test gas at the end of each measurement, while still recording the OTR in order to compensate for small leakages in the test cell or the piping. This is especially useful for lower OTR since it increases the precision of the measurement. Mocon refers to this measurement mode as 'Individual Zero'. The oxygen permeability coefficient was then calculated according to the standard test method using the following formula:
where O 2 GTR is the oxygen gas transmission rate as given by the device, p is the partial pressure of oxygen (mol fraction of oxygen multiplied by the total pressure in the test gas side of the diffusion cell) and t is the average thickness of the specimen. The oxygen permeability is then expressed in cm³ m -2 day -1 kPa -1 ).
Scanning electron microscopy (SEM)
The appearance of both the produced MFC as well as the cast films was evaluated using SEM micrographs. A mass fraction of 0.005 of the MFC was exposed to a bath of liquid nitrogen until completely frozen. The frozen sample was then transferred into a freeze dryer (Type Alpha 1-2 LD; Martin Christ Gefriertrocknungsanlagen GmbH, Germany). At a pressure of 1 mbar, the sample was kept at -55°C for 72 h until all water had sublimated. In preparation for the SEM micrographs, the freeze dried samples as well as the films were coated using a BAL-TEC SCD 050 sputter coater in combination with a 99.999% purity gold target and argon gas medium to reach a coating thickness of 8 nm.
All micrographs have been prepared using a ∑igma VP SEM from Zeiss (Carl Zeiss AG, Germany). A secondary electron beam (SE) at 5 kV was used for the micrographs of film surfaces and the freeze dried samples. For the former, a working distance (WD) of 5.0 mm was used, while in case of the latter the WD was 2.8 mm. The micrographs of the cross sectional cuts were made using back scatter electrons (BSE) at 20 kV and a WD of 10.0 mm.
Mercury porosimetry analysis
The porosity of the produced MFC films was determined using mercury intrusion porosimetry. With this technique, information regarding the pore size distribution and the specific pore volume can be determined, as illustrated, amongst others, by León y León (1998) and Giesche (2006) . Samples were taken from the produced MFC films. In preparation for the measurement, they were cut into strips and rolled up. In order to avoid possible errors by a contact with the glass wall of the penetrometer (Giesche 2006) , the rolled up strips of the MFC samples were held in position with a steel wire as described by Ridgway and Gane (2003) . In case of the KY100G samples as well as the TEMPO NFC sample, no steel wire was necessary to keep the scrolls apart.
The mercury intrusion measurements were corrected for the compression of mercury, expansion of the penetrometer and elastic compressibility of the solid phase of the sample, using the equation of Gane et al. (1996) , employed in the software Pore-Comp 1 . The sample compression correction (Gane et al. 1996) applied avoids the misinterpretation of sample compression as increased void volume in the highest intrusion pressure region. Furthermore, the data were truncated to exclude the occlusion effect that is caused by the irregularity of surface fibres (Ridgway, Gane 2003) .
Results
First, the results of the nanocellulose characterisation are presented. The subsequent results of the oxygen barrier measurements as well as the porosity measurements refer to the produced films.
Morphological characterisation
Due to the low particle size of some tested materials, it was only possible to characterise the first five of the eight produced MFC fibrillation grades using the FS5 fibre image analyser.
As described in the previous section, and also shown in Table 2 , the fibre image analyser classifies the measured particles into several categories. Fig 1 compares the particles in the fraction, which is declared as Fines A, from MFC1 to MFC5. The individual bars represent the arithmetic mean of the fines content as a percentage of projection area of all measured particles along with the corresponding 95% confidence level. A clear increase in particulate fines with each additional fibrillation step can be observed in Fig 1. In Fig 2, the percentage of the length weighted distributions of all measured MFCs are illustrated for the first three fibre fractions (compare Table 2 ).
The residual fractions FR4 -FR6 are not included in Fig  2 since a negligible amount of particles was detected in these fractions. FR1 shows an increase in the amount of particles with each individual fibrillation step until MFC5. For FR2 and FR3, a decrease in the amount of particles can be seen with each individual fibrillation step. KY100G as a reference material has a share of FR1 between MFC2 and MFC3 and the highest share of all tested materials for FR2. Apparently, KY100G contains no particles longer than 600 µm. The results for all fractions are also shown in Table 3 .
The results from the alternative morphological characterisation that was performed at Graz University of Technology are shown in Fig 3 and Table 4 . Fig 3 illustrates the mass weighted distribution of selected samples from the fibrillation series using the equivalent circular diameter (ECD). This dimension was used by Mayr et al. (2015) in order to take irregular shaped particles into account, which can neither be described entirely by length nor width. As it can be seen in Fig 3, in Table 4 , which classifies the particles based on their aspect ratio into either fibrils or flakes, and calculates the fibril content as a percentage of the total particle area.
Rheological characterisation
The evaluation of MFC1 and MFC2 was not possible, since these materials are lacking the gel-like texture and are, therefore, expelled by the centrifugal forces during the measurement so that no material remains in the plateplate gap. Therefore, MFC3, as the coarsest measurable, Iotti et al. (2011) , who used a roughened measuring system, the strong resemblance allows the conclusion that the occurrence of wall slip in this study is very unlikely.
X-ray diffraction
The cellulose crystallinity index (CI) was evaluated for the coarsest as well as the finest sample from the MFC fibrillation series in order to show the extreme values. Furthermore, the two reference materials were measured as well. The curves in Fig 5 represent the X-ray diffraction spectra of the measured samples with the respective background as dotted line. Due to the general absence of appropriate cellulose standards (Park et al. 2010 ) the CI was determined by the peak to background ratio as described and the results are shown in Table 5 . The TEMPO-oxidised NFC shows the lowest CI, as indicated in Table 5 , closely followed by MFC8. The rather coarse MFC1 and KY100G show a CI above 50%. 
Oxygen barrier measurements
The oxygen transmission rates for films made from the MFC fibrillation series are summarised in Table 6 . All measurements were performed in duplicate and the average film thickness of five measuring points is indicated along with the OTR. A material having an oxygen transmission rate of more than 100 cm³ m -2 day -1 is considered a low oxygen barrier, whereas a material with an oxygen transmission rate of < 1 cm³ m -2 day -1 is considered a very high oxygen barrier (Fowle 2005) .
All MFC films measured and summarised in Table 6 are outside the range of measurement of the testing equipment. However, between MFC2 and MFC3, the OTR changes from overloading the sensor to below the measuring sensitivity. The film cast from MFC1, which is the coarsest fibrillation grade, was not analysed since MFC2 did not show any measurable oxygen barrier. The OTR along with the thickness and the calculated oxygen permeability of further nanocellulose films and selected reference films is summarised in Table 7 .
The Omya MFC in Table 7 is comparable to MFC8 of Table 6 in respect to its fibrillation degree and was produced before the fibrillation series. KY100G, the TEM-PO-oxidised NFC and the cellophane film have been tested as cellulosic reference materials. All tested cellulosic reference materials showed an oxygen transmission rate below the detectable range of the equipment with only one exception: the KY100G. Even with a mask in order to increase the detection range of the equipment by factor 10, the commercially available MFC exceeds the measureable oxygen transmission rate.
In order to include a frequently used modern oxygen barrier material into this table, additional measurements of an EVOH film were performed. The EVOH was coated onto a PET film support, since it is very challenging to produce a defect free pure EVOH film. In this context, the PET film has been measured as well, to determine the oxygen barrier of the support film alone. All tested PET film grades are in the range of a medium oxygen barrier according to the classification of Fowle (2005) .
Furthermore, the dependency of the oxygen transmission rate on the thickness of the barrier material can be seen from the measurements of the different PET film grades (compare Table 7 ). This relationship, however, is only valid for homogeneous materials (ASTM D3985-05).
Visual assessment of MFC
In order to obtain a visual impression of the fibrillation series, the following figures show representative SEM micrographs of selected samples. For this purpose, random sample areas were chosen for the micrographs in order to compensate for the only narrow field of view that can be shown.
The selected samples are the last stage of the fibrillation series that did not show any measurable oxygen barrier (MFC2) as well as the first stage that showed such a barrier (MFC3 -compare Table 6 ). In addition, the first sample with a measurable oxygen barrier (MFC3) is also the first sample with a gel-like texture that is often described for MFC (Herrick et al. 1983; Klemm et al. 2011; Lavoine et al. 2012) . SEM micrographs of freeze dried MFC samples at two magnification levels are shown in Fig 6. Fig 7 shows The SEM micrographs of freeze dried MFC samples in Fig 6 illustrate the dimensions of the particles as well as the development of their particle size as a function of successive fibrillation . Fig 6 a) shows several residual fibres in MFC2, while MFC3 seems to only contain some fibre fragments as indicated in Fig 6 b) .
The surfaces of the MFC films in Fig 7 show no visible difference that would explain differences in the gas barrier performance. All films obviously do not consist of homogeneous material. There are even some cracks in the surface of the MFC3 film. Energy dispersive X-ray spectroscopy (EDS) revealed that the cubical particles with a size of up to 0.5 µm, which can be seen in all images of Fig 7, mainly consist of calcium species as well as of small quantities of sodium and magnesium. Therefore, they are very likely to be salt crystals since the MFC fibrillation series was produced with tap water. 
Material
Oxygen transmission rate cm³ m -2 day -1
Material thickness µm
Oxygen permeability cm³ µm m -2 day -1 kPa -1 MFC (Omya trial product) < 0.05 37. Table 6 ). Beside the difference in thickness of the films (compare Table 6 ), the MFC3 film in image b) shows an extensive amount of voids, indicated by the dark areas. These voids have not been filled with resin during the preparation of the samples, showing that they are isolated pores, i.e. unconnected to the exterior. The film made of MFC2 also shows voids, but not as many as the MFC3 film. It is, therefore, important to recognise in the next section that permeation of gas is a combination of a random walk diffusive process and a bulk permeability-related transport, the former being related to mean path length in a continuous medium, and the latter being strongly affected by pore connectivity.
Mercury porosimetry analysis
In the previous section, a significant difference in the oxygen barrier performance has been shown between films made from MFC2 and MFC3 (compare Table 6 ).
The decrease in thickness of films from MFC at different degrees of fibrillation implies a reduction in volume and, therefore, also in pore volume, since all films were produced using the same amount of material. For the purpose of evaluating this hypothesis, and in order to identify the difference between films from MFC2 and MFC3, mercury porosimetry measurements have been performed. The compression corrected intrusion curves that have also been truncated are shown in Fig 9. In the case of MFC1, MFC2, MFC3 and MFC8, no elastic material compression correction was applied since the extrusion curves indicated only plastic compression for these samples. The curves in Fig 9 indicate a decreasing specific pore volume with increased degree of fibrillation for the samples in the MFC fibrillation series. KY100G and the TEMPO NFC show the lowest specific pore volume with the KY100G + CMC having a slightly higher specific pore volume than the pure KY100G. The total specific intruded volumes of all measured samples are summarised in Table 8 .
Discussion
The aim of this work was to investigate how fine an MFC needs to be in order to obtain an oxygen barrier film. A grinder was selected as the production device for the fibrillation series due to its high flexibility in terms of fineness. Other commonly used equipment, such as a microfluidizer or an homogenizer, generally require a certain initial fineness of the raw material to avoid clogging during the process. This required fineness would act in contradiction to the intention to evaluate rather coarse MFCs and to identify the minimum fibrillation for an oxygen barrier film -hence the choice of the grinding route. Furthermore, with the grinder, it was possible to produce MFC grades with small incremental increases in the degree of fibrillation using the method of Schenker et al. (2015) . This could be verified by the increasing fines content (Fig 1) in combination with the observed shift in the fibre fractions, as seen in Fig 2. Also the alternative morphological characterisation approach, using a combination of fibre image analyser (Fig 3) and microscopic analysis (  Table 4) , confirms the increase in finer particles. Measurements of the OTR of films made from the different MFC grades showed a sudden decrease in the permeation of oxygen from MFC2 to MFC3. With only one fibrillation step, there is a change from no oxygen barrier at all to a very high oxygen barrier when applying the classification of Fowle (2005) . In order to evaluate the relevant changes in the material between the two MFC grades, several characterisation approaches have been performed.
The morphological analysis shows a 50% increase in fines content of MFC3 compared to MFC2 (compare Fig  1) . Also the share of particles in the size fractions FR2 and FR3 is significantly lower for MFC3 compared to MFC2 (compare Fig 2) . Over 90% of the particles of MFC3 are assigned to size fraction FR1. Also the alternative morphological analysis shows a shift to finer particles from MFC2 to MFC3. When comparing the stated dimensions of MFC particles in relation to the detection limit of the fibre image analyser, it is apparent that they are well below the detectable size. However, the larger microfibril bundles are likely to impair the oxygen barrier, which makes their share an important parameter. From the performed measurements, it seems that a fines content of 65% in combination with at least 90% particles of the length weighted distribution below a length of 200 µm is not negatively influencing the oxygen barrier for films of the tested thickness.
Despite small differences for certain shear ranges, the rheological measurements showed only minor differences regarding the viscosity curves of the tested MFC grades. These results are in contrast to an earlier study of Sneck et al. (2011) that demonstrated a difference in viscosity between samples of 6 consecutive grinding passes through a masscolloider. Sneck et al. (2011) used a Brookfield viscometer in combination with vane shaped spindles. However, the results of Sneck et al. (2011) could not been observed in a later study (Kangas et al. 2014 ) who compared MFC after three and eight passes through a Masuko supermasscolloider. The characterisation in this case was done with the same type of equipment as used by Sneck et al. (2011) . Also Aulin et al. (2010) demonstrated an increase in viscosity with increasing fibrillation of MFC, but in contrast to the studies mentioned above, the authors used MFC that was produced using a microfluidizer.
The formation of a shear induced structure such as that Iotti et al. (2011) described in their rheological study could not be observed. However, MFC8 shows a reduced slope of its viscosity curve between 10 s -1 and 100 s -1 , which might indicate the beginning formation of a shear induced structure following the theory of Iotti et al. (2011) . A possible reason could be that the MFC for the study in question was obtained by 10 passes through a Gaulin M12 homogenizer. Therefore, the MFC of Iotti et al. (2011) has to be much finer than the MFC of this study, since an homogenizer requires already a fine feed stock without residual fibre fragments to avoid clogging of the equipment (Spence et al. 2011; Li et al. 2012; Ankerfors 2012) . As a matter of fact, Iotti et al. (2011) performed a mechanical pre-treatment in order to reduce the fibre length of the initial pulp.
The evaluated CI of samples from the fibrillation series indicates a decrase in crystallinity with increasing passes through the grinder. This can be explained by the breakdown of ordered structures due to the separation of the microfibril bundles throughout the fibrillation series, which has also been concluded by Iwamoto et al. (2007) . MFC1 as the coarsest grade has a CI comparable to the one of the commercial KY100G, whereas MFC8 as the finest grade has a 31% lower CI, which is similar to that of the TEMPO-oxidised NFC. At this point it has to be mentioned that the peak height method is rather for comparing relative differences between samples and should not be used to evaluate the share of crystalline material in cellulose (Park et al. 2010) . However, even the change in the CI during the production of MFC is not consistent in the literature. Results range from a decrease (Iwamoto et al. 2007 ) over no change (Agoda-Tandjawa et al. 2010; Siró et al. 2011; Eyholzer et al. 2010) to an increase in crystallinity (Abe, Yano 2010). Since different raw materials, pre-treatments, main treatments and also different analysis approaches of the X-ray diffraction data were used in these studies, Table 9 summarises the relevant parameters for a better overview.
In theory, a high crystallinity of MFC is important since crystalline regions are described to be impermeable to gases (Lagaron et al. 2004) . During the production of cellulose nanocrystals (CNC), amorphous cellulose regions are chemically degraded by acid hydrolysis, resulting in an increasing degree of crystallinity at the expense of the yield (Lavoine et al 2012; Li et al. 2015) . Films produced from this CNC, however, do not perform necessarily better than MFC films in terms of gas permeability (Belbekhouche et al. 2011) .
According to Park et al. (2010) , the evaluation of MFC crystallinity using X-ray diffraction is limited and can be seen as a qualitative or semi-quantitative method at best in its present state, due to the lack of appropriate cellulose standards for calibration. The results strongly depend on the calculation method and a comparative study (Park et al. 2010) showed variations of up to 30% for the same sample and different methods including solid state nuclear magnetic resonance (NMR) using the C4 peak separation method. In their study, the peak height method, which was developed by Segal et al. (1959) , always resulted in significantly higher values than the other methods.
However, the peak height analysis method, being the most frequently used one, is a useful method for comparing relative differences between samples (Park et al. 2010 ). An alternative measurement approach to determine the cellulose CI, like NMR, was not used in this study due to the reported good correlation to the results of X-Ray diffraction measurements (Teeäär et al. 1987) . The determination of the CI for a similar fibrillation series using a FT-Raman spectroscopic method (Agarwal et al. 2010) furthermore showed a decrease during the fibrillation as well (Nair et al. 2014) . Table 9 -Overview of different results regarding the development of crystallinity during MFC production using X-ray diffraction. The SEM micrographs of films and freeze dried samples from MFC2 and MFC3 (Fig 6 and Fig 7) show no visible difference that would explain the change in the oxygen transmission rate. SEM micrographs of the cross-sections of those films, however, show a difference between films made from MFC2 and MFC3. The MFC3 film has a denser structure and less interconnected pores, indicated by the increased number of voids that could not be penetrated by the resin. This observation could explain the much lower oxygen transmission rate through the MFC3 film, i.e weighted towards diffusion controlled rather than bulk flow permeation. Also the mercury intrusion measurements support this observation. Fig 9 shows a decrease in the specific pore volume with increasing degree of fibrillation for the different grades of the fibrillation series. The decrease in specific pore volume is highest between MFC1, MFC2 and MFC3, whereas the decrease in specific pore volume from MFC3 to MFC8 is only small in comparison.
Raw material
Conclusions
An MFC fibrillation series was produced in order to identify the minimum degree of fibrillation required to form a sufficient oxygen barrier film. Fibre image analysis and SEM micrographs verified the successful production of different MFC grades with incremental increase in the degree of fibrillation.
Furthermore, a shear thinning characteristic of the measured MFC grades could be verified. However, the conducted rheological measurements are not suitable to distinguish between similar MFCs like the different grades of a fibrillation series.
In contrast to the small differences between the samples, no gradual development of the OTR of films that were made from the fibrillation series could be detected. Instead, the OTR showed a sudden decrease from overloading the sensor to below the measuring sensitivity within one fibrillation step, indicating a very high oxygen barrier. SEM micrographs of cross sections of the respective films revealed a denser structure and less interconnected pores in the film made from the higher fibrillated MFC. A decrease in the specific pore volume, determined using mercury porosimetry, verified this observation.
The X-ray diffraction measurements indicate a decreasing degree of crystallinity with increasing fibrillation, which can be explained by the advancing separation of microfibril bundles.
It is a generally accepted theory that a high crystallinity is beneficial for barrier materials, since crystalline regions are impermeable to gases. However, regardless of the non-quantitative method, the MFC tested in this study was far from highly crystalline, as also indicated by the SEM micrographs. In consideration of this study and the lower OTR of MFC films when compared to CNC films (Belbekhouche et al. 2011) , this theory should be questioned in the case of nanocellulose, with OTR being more related to the continuity of the medium and inversely related to the degree of pore connectivity.
As a result, an MFC does not have to be as fine as can be possibly made in order to achieve a very high oxygen barrier as a film. Although, the actual individual MFC particles cannot be detected using a fibre image analyser due to their size being below the detection limit, however the larger microfibil bundles that disturb the oxygen barrier can be detected. From the performed measurements, it seems that an MFC with 65% detectable fines and more than 90% particles of the length weighted distribution below a length of 200 µm can still deliver a highly impermeable oxygen barrier.
